During stress, the mammalian small heat shock protein Hsp27 enters cell nuclei. The present study examines the requirements for entry of Hsp27 into nuclei of normal rat kidney (NRK) renal epithelial cells, and for its interactions with specific nuclear structures. We find that phosphorylation of Hsp27 is necessary for the efficient entry into nuclei during heat shock but not sufficient for efficient nuclear entry under control conditions. We further report that Hsp27 is recruited to an RNAse sensitive fraction of SC35 positive nuclear speckles, but not other intranuclear structures, in response to heat shock. Intriguingly, Hsp27 phosphorylation, in the absence of stress, is sufficient for recruitment to speckles found in post-anaphase stage mitotic cells. Additionally, pseudophosphorylated Hsp27 fused to a nuclear localization peptide (NLS) is recruited to nuclear speckles in unstressed interphase cells, but wildtype and nonphosphorylatable Hsp27 NLS fusion proteins are not. The expression of NLS-Hsp27 mutants does not enhance colony forming abilities of cells subjected to severe heat shock, but does regulate nuclear speckle morphology. These data demonstrate that phosphorylation, but not stress, mediates Hsp27 recruitment to an RNAse soluble fraction of nuclear speckles and support a site-specific role for Hsp27 within the nucleus.
INTRODUCTION
Hsp27 is a widely distributed member of the small heat shock protein (sHsp) family, having chaperone function in vitro [1] , and providing tolerance to injury of cells in vivo (see [2] for review). Elevated expression and altered phosphorylation of Hsp27 characterize a number of disease states including cancer [3] , and mutation of Hsp27 has been linked to the development of human neuropathology [4] . Despite consequent interest in cellular roles played by Hsp27, neither the mechanism nor function of Hsp27 are fully understood. Experimental evidence supports a variety of roles for Hsp27, including a general chaperone activity [1, 5, 6] , interaction with actin cytoskeleton elements [7] [8] [9] [10] , interaction with pro-and anti-apoptotic signaling factors [11] [12] [13] , and modulation of the oxidative balance of cells [14] . These activities can occur throughout the cell or are restricted to the cytoplasmic cell compartment. However, a striking feature of Hsp27 is its stress-inducible entry into nuclei of some cells, accompanied by phosphorylation. Because Hsp27 promotes protein refolding, nuclear Hsp27 may interact with proteins in nuclei to promote refolding or target damaged proteins for degradation. In support of this view, Hsp27 in the nucleus of heat-shocked cells partially co-localizes with focal accumulations of damaged nuclear luciferase [9] and Hsp27 over-expression promotes resolubilization of nuclear protein in cells during recovery from heat shock [15] .
In addition to acting as a general chaperone, it has been reported that Hsp27 may perform other functions in the cell and, especially, in the nucleus. For example, Hsp27 enhances recovery of protein synthesis [16] and mRNA splicing [17] in cells after heat stress. These beneficial effects of Hsp27 may be attributed, in part, to a chaperone function, leading to efficient reactivation of proteins required for mRNA processing during recovery from injury. Intriguingly, however, the related small heat shock protein alpha-B crystallin, like Hsp27, exhibits chaperone activity in vitro [1] and enters cell nuclei during stress [18] , yet had no effect on mRNA processing activity in a previous study [17] . There exists, therefore, a disconnection between the general chaperone activity of mammalian small heat shock proteins and their effects within the nucleus. These findings indicate there may be specific substrates for Hsp27 within cell nuclei. Results of morphological studies support this hypothesis. Hsp27 is not uniformly distributed within the nuclear compartment of stressed cells, but rather, in most cells studied associates prominently with intranuclear granules [9, [19] [20] [21] . The nuclear compartment contains numerous granular structures including nucleoli and concentrations of proteins involved in the processing or storage of mRNA and associated modifying proteins. These latter structures can be discriminated by analysis of their constituent proteins and include nuclear speckles, gems, Cajal bodies, promyelocytic leukemia nuclear (PML) bodies and others. In addition, nuclei of stressed cells recruit stress response elements including stress-inducible transcription factor HSF1 to structures known as stress granules that are distinct from nuclear bodies present in unstressed cells [22] . In recent studies, alpha-B crystallin was shown to associate in a phosphorylation dependent manner with a number of nuclear bodies involved in mRNA processing [23] [24] [25] . Intriguingly, this association occurred in the absence of stress in mitotic cells prior to reformation of the nuclear compartment. In addition, a small but detectable fraction of alpha-B crystallin was localized to nuclear bodies in unstressed interphase cells [24, 25] . Together these previous results raise questions regarding mechanisms regulating Hsp27 within nuclei, its nuclear targets, and the role of stress in recruitment of Hsp27 to specific target sites.
The present study was conducted to specifically determine the manner in which the interaction of Hsp27 with nuclear structures is regulated, and the role of stress in this process. The entry of Hsp27 into the nucleus of cells has been previously shown to correlate strongly with Hsp27 phosphorylation [9, 26, 27] . However, biochemical isolates of nuclear Hsp27 contain nonphosphorylated Hsp27 [26] , leaving the regulatory state of Hsp27 at specific sites within the nucleus unresolved. Here, we examined the distribution of endogenously expressed Hsp27 in nuclei of heat shocked normal rat kidney renal epithelial (NRK) cells and in mitotic cells, after manipulation of Hsp27 phosphorylation states. In addition, we examined the localization of exogenously expressed phosphorylation state mutants of human Hsp27 and their fusion proteins with nuclear localization (NLS) tags. Our results demonstrate that phosphorylation is necessary but not sufficient for efficient entry of Hsp27 into the nucleus. In contrast, we report that phosphorylation, but not stress itself, regulates association of Hsp27 to nuclear speckles. Finally, our results also differ from recent results obtained from study of the related small heat shock protein alpha-B crystallin [24, 25] ; Hsp27 was recruited exclusively to nuclear speckles in heat shocked cells and Hsp27 could be disassociated from nuclear speckles by RNAse treatment. Our data support the conclusion that Hsp27 plays regulatory roles in the nucleus that are distinct from activities performed by nuclear alpha-B-crystallin.
MATERIALS AND METHODS

Antibodies and reagents
Pan-specific anti-Hsp27 monoclonal 8A7 antibody was a gift from Dr. M. Welsh (University of Michigan). Species-specific polyclonal antibodies against rodent (SPA801) and human (SPA803) Hsp27 were purchased from StressGen Biotechnologies (Victoria, BC, Canada). The anti-SC35 antibody, DABCO, and RNAse A were purchased from Sigma (Sigma-Aldrich, St Louis, MO). Vanadyl riboside complex (Va) was obtained as a 200 mM stock solution from New England Biolabs (Ipswich, MA). DNAse I was ordered from Worthington Biochemical Corp. (Lakewood, NJ). All secondary antibodies were from Jackson ImmunoResearch Laboratories Inc. (West Grove, PA). Inhibitors were dissolved in DMSO. Anisomycin (Sigma) was used at a final concentration of 10 μg/ml. The p38 MAPK inhibitor SB202190 (Calbiochem) was used at a final concentration of 10 μM. Actinomycin D was used at a final concentration 2 μg/ml.
Plasmids
All Hsp27 expression vectors containing nuclear localization sequences were created from an initial plasmid (pcDNA3.1-h27SacII) containing the coding sequence for human Hsp27 with additional SacII and EcoRV restriction sites placed at the 3′ end of the Hsp27 CDS. The plasmid was created by PCR amplification of a human Hsp27 ORF with forward 5′-CGGATCCATGACCGAGCGCCGCGT-3′ and reverse 5′-TTAGATATCCGCGGTCTCATCGGATTTTGCAGC-3′ primers and insertion of the PCR product into BamHI-EcoRV sites of pcDNA3.1(+) (Invitrogen Corp., Carlsbad, CA). pcDNA3.1-h27SV40 containing the human Hsp27 ORF and the SV40 nuclear localization amino acid sequence KPKKKRKV at its 3′ end was created by annealing oligonucleotides 5′-GGCCAAGCCTAAGAAGAAGCGAAAGGTTGGC-3′ and 5′-GCCAACCTTTCGCTTCTTCTTAGGCTTGGCCGC-3′ and inserting the resulting doublestranded DNA fragment into the SacII-EcoRV sites of pcDNA3.1-h27SacII. Similarly, a plasmid (pcDNA3.1-h27SV40mut) coding for human Hsp27 with a mutated SV40 NLS (KPTKKRKV) was created using oligonucleotides 5′-GGCCAAGCCTAAGACAAAGCGAAAGGTTGGC-3′ and 5′-GCCAACCTTTCGCTTTGTCTTAGGCTTGGCCGC-3. Plasmids for expression of NLStagged human Hsp27 mutants with replacement of serines 15, 78 and 82 with alanine (Hsp27-3A-NLS) and aspartic acid (Hsp27-3D-NLS) were created by excising a 1413 bp XcmI-SmaI fragment from pcDNA3.1-h27SV40 and inserting this fragment into the XcmISmaI sites of pcDNA3.1-h27(3A) and pcDNA3.1-h27(3D) (gift of Dr. R. Benndorf, University of Michigan).
A plasmid for expression of EGFP, NLS tagged luciferase (pnGL3-EGFP) was produced by PCR of the plasmid pGL3-basic (Promega Corp., Madison, WI), using forward and reverse primers 5′-AACTGCAGGCCACCATGGAAGAC-3′ and 5′-CGGGATCCACGGCGATCTTTC-3′, respectively. The resulting PCR product was inserted into the Bam HI and Pst I restriction sites of pEGFP-N1 (BD Bioscience Clontech, Mountain View, CA) to obtain pGL3-EGFP.
Finally, an NLS was added by digesting pGL3-EGFP and previously described pN-luc-EGFP [28] with Kas I and replacing the fragment containing the first 86 bp in the 5′ end of the luciferase gene in pGL3-EGFP with the corresponding NLS-containing fragment of pN-luc-EGFP. The fidelity of all constructed plasmids was verified by direct sequencing.
Plasmids coding for Sp100-YFP and SF2-EGFP were a gift from Dr. D. Spector (Cold Spring Harbor Laboratory, NY). The plasmid coding for mouse coilin fused to EGFP was provided by Dr. G. Matera (Case Western Reserve University, OH) and the proliferating cell nuclear antigen (PCNA)-GFP expressing plasmid was provided by Dr. R. Kanaar (Erasmus Medical Center, Rotterdam, The Netherlands).
Cell culture and transfection
Normal rat kidney cell line NRK-52E and NIH3T3 murine fibroblasts (ATCC) were used up to 15 th passage. NRK cells were grown in DMEM supplemented with 10% fetal bovine serum (Invitrogen, Carslbad, CA). NIH3T3 cells were grown in DMEM supplemented with 10% calf serum (Invitrogen). Cells were incubated at 37°C in an atmosphere of 5% CO 2 and 95% air and subcultured twice a week. For experimental use, cells were plated into 24-well plates at 5-6×10 4 cell/well or 6-well plates at 2×10 5 cell/well. Cell were transfected 24 hours after plating using Lipofectamine Plus reagents (Gibco BRL, Invitrogen). NRK cells were incubated over a 3 hour period with 0.3 μg plasmid DNA, 3 μl Plus reagent and 1 μl Lipofectamine in 300 μL DMEM. NIH3T3 fibroblasts were incubated over a 5 hour period using 0.5 μg plasmid DNA, 5 μl Plus, and 2 μl Lipofectamine. At the end of incubation, transfection media were replaced with growth medium or cells were subcultured into wells containing 12-mm diameter circular coverslips. Experimental studies were conducted 18-24 hours post transfection except as indicated.
Cell fractionation
Cell fractionation was carried out essentially as described previously [29, 30] in the presence of protease (Roche Diagnostics Corp., Indianapolis, IN) and phosphatase (Sigma) inhibitor cocktails, used at the manufacturers recommended concentrations. Briefly, for immunofluorescence imaging studies of Hsp27 localization, cells were cultured on glass coverslips, then washed once with phosphate buffered saline (PBS) and lysed on ice for 5 minutes in CSK buffer (10 mM PIPES (pH 6.8), 100 mM NaCl, 300 mM sucrose, 3 mM MgCl 2 , 1 mM EGTA, 0.5% Triton X-100, 4 mM vanadyl riboside complex (Va, New England Biolabs). To analyze effects of DNAse and RNAse treatment on retention of Hsp27 by detergent lysed cells (Figures 3 and 6 ), cells were also rinsed after lysis three times in Digestion Buffer (DB; 10 mM PIPES (pH6.8), 50 mM NaCl, 300 mM sucrose, 3 mM MgCl 2 , 1 mM EGTA, 0.5% Triton X-100), and then treated at room temperature with 50 μg/ml RNAse A in DB either with or without Va (15 min) or with 150 μg/ml DNAse I in DB (20 min) prior to fixation. Cells were subsequently fixed for 10 minutes by adding 37% formaldehyde directly to the coverslips to a final concentration of 3.7% and processed for fluorescence detection of Hsp27 and other proteins. Alternatively, for biochemical studies, cells were grown in 6-well plates, extracted as described above and proteins extracted in each step precipitated from buffers with 5% TCA followed by centrifugation for 5 min at 20,000 × g at 4°C. Pellets were washed three times in ice-cold acetone and resolubilized in equal volumes (75 μl) of 9M urea, 1% Nonidet P40, 4% beta-mercaptoethanol, and anti-phosphatase inhibitors. Equal volumes of samples were then loaded onto gels for analysis of the relative presence of Hsp27 in different samples as well as its isoelectric focusing points.
Isoelectric focusing, electrophoresis, and Western blotting
Isoelectric focusing (IEF) gel electrophoresis was performed as described elsewhere [31] . 10-15 μl samples were prepared in IEF buffer (9M urea, 1% Nonidet P40, 4% betamercaptoethanol, anti-phosphatase inhibitor cocktail) and loaded on IEF slab gels containing 7.5% acrylamide, 9M urea, 4% ampholyte mixture (pH range 5-7, Sigma). Isoelectric focusing was performed at 450 V, 2 W, and 2,000 V/hour using a Mini IEF Cell (BioRad). SDS polyacrylamide gel electrophoresis (SDS PAGE) was performed in 12% acrylamide gels. For Western blotting, proteins were transferred onto nitrocellulose membrane at 300 mA for 2 hours. Membranes were probed with either the monoclonal 8A7 or polyclonal anti-human Hsp27 SPA803 and appropriate horseradish peroxidase-labeled secondary antibodies. Chemiluminescent detection was carried out by means of AutoBioChemi System (UVP Inc., Upland, CA). Quantitative analysis of Western blots was conducted using dedicated image analysis software (LabWorks, UVP Inc.).
Immunofluorescence
Cells were washed in PBS, fixed in 3.7% formaldehyde for 10 minutes, permeabilized in 1% Triton X-100 for 15 minutes, and incubated with primary antibodies either overnight at 4°C or 1-2 hours at ambient temperature. Transfected human Hsp27 and all its variants were detected with a polyclonal human Hsp27-specific antibody (SPA803). Rodent Hsp27 was detected with rabbit serum SPA801. For double labeling studies, rabbit and mouse primary antibodies were applied together. Goat polyclonal antibodies labeled with FITC or Cy3 were used as secondary antibodies. Immunostained cells were mounted on glass microscope slides using polyvinyl alcohol mounting media containing 100 mg/ml DABCO as anti-fading reagent. Most slides were imaged with a fluorescence microscope Axiovert 200M, using AxioVision Software (both from Carl Zeiss Inc., Thornwood, NY). Immunolocalization studies shown below in Figures 2 and 5C were conducted using a Zeiss LSM510 META confocal microscope operated in its Multiscanning mode. Figures were assembled using Adobe Photoshop and Adobe Illustrator software (both from Adobe Systems Inc., San Jose, CA).
Image Analysis
For each protocol, a sufficient number of randomly selected fields of cells were imaged to obtain a samples size of about 50 nuclei for each experimental procedure. To analyze the efficiency of nuclear entry (Figure 1 ), images of transfected cells were first assigned a random alphanumeric code. The total number of transfected cells and the number of cells with nuclear Hsp27 in each image were then counted by a blinded investigator. To assess the efficiency that expressed proteins associated with nuclear speckles (Figure 7 ), images of transfected cells were again randomized prior to analysis. Images were imported into ImageJ, a freeware image analysis package maintained by the National Institute of Health. Nuclei of transfected cells were outlined with a region of interest (ROI) using a Wacom digitizing tablet and pen, and the total fluorescence intensity within this ROI was calculated by the ImageJ program. Nuclear speckles were then counted and set to an intensity value of zero using an eraser tool. Where possible, fluorescence within nucleoli was excluded from this procedure and therefore contributed to the measured fluorescence intensity of the background. Fluorescent nucleoli were seen in cells expressing with NLS-Luc-GFP ( Figure 7B , Luc-NLS), but not in cell expressing any Hsp27 protein. Each nucleus was again selected with a ROI and the total nonspeckle fluorescence intensity measured. The value obtained for non-speckle fluorescence was subtracted from the initial (total fluorescence) value to derive the fluorescence intensity for all nuclear speckles in each cell. Because the fluorescence intensity of expressed Hsp27 at nuclear speckles must be determined in part by the overall expression level, the ratio of speckle versus non-speckle fluorescence was calculated. For quantitative analysis of nuclear speckle morphology in cells ( Figure 9 and Table 1 ), images of 35 to 50 nuclei for each protocol were obtained of cells triple labeled for expressed Hsp27, DNA and SC35. Images of cell nuclei containing detectable exogenously expressed Hsp27 were selected and saved, followed by selection of an equal number of neighboring non-expressing cell nuclei of similar size. To avoid bias in selecting control nuclei, the second selection was made while viewing the DNA staining pattern, not the SC35 staining pattern. Images of nuclei were randomized and the number of SC35 positive nuclear speckles counted by a blinded investigator. For morphometric studies, images of cells were imported into ImageJ and a digital brightness threshold was applied to each image. The threshold was varied to select all nuclear speckles but only a small number of pixels in the diffuse background. In a preliminary analysis, we determined that all structures counted previously as nuclear speckles were larger than 20 pixels in area. A particle analysis function available in the ImageJ program was applied to thresholded images, and the area and fluorescence intensity (FI) of nuclear speckles was measured using functions available in the ImageJ program. The volume of speckles was calculated from the measured area of each speckle, using the assumption that the image of a speckle is a 2-dimensional projection of a spherical object. Statistical comparison of data sets were performed with Microsoft Excel using a Student's two-sample T-test. Data sets were compared assuming unequal variance, with a hypothesized mean difference of zero (alpha of .05).
Cell survival assay
Assays of cell survival were conducted using a colony forming assay [32] , with minor modifications. Briefly, NIH3T3 fibroblasts were transfected as described above using 0.5 μg/ well of plasmid DNA. 24 hours after transfection cells were heated in an Isotemp 2150 water bath (Fisher Scientific, Pittsburgh, PA) at 44°C for 2.5 hours. Immediately afterwards, cells were trypsinized and plated into 100-mm culture dishes. After 7-10 days of culture, cells were fixed and stained with 0.5% Crystal Violet (in 50% methanol) and colonies containing more than 50 cells counted. To normalize survival rates among independent experiments, the total number of colonies in each experiment was summed and the ratio of colonies produced by each transfection in a given experiment was calculated. The average and standard deviation of these values were calculated for three independent experiments. Alternative experiments were conducted by transfecting cells with different amounts of Hsp27 coding plasmid. The total plasmid DNA concentration in these transfection experiments was kept constant by the addition of empty pcDNA3.1 vector. The stress treatment and colony formation assay was conducted as described above.
RESULTS
Hsp27 phosphorylation mediates entry into the nucleus of heat shocked NRK cells
Endogenous rat Hsp25 was found within the cytoplasm of normal rat kidney epithelial (NRK) cells under control conditions, as expected (Fig 1A, CNTR) . In contrast, heat shock (43°C for 30 minutes) induced translocation of Hsp25 into the nucleus, as well as some association with fibrous cytoskeletal elements. The pattern of Hsp25 immunostaining within the nucleus of heat shocked NRK cells was characterized by both diffuse staining and prominent nuclear granules (Fig 1A, HS) . Phosophorylation of Hsp25 was next examined in unstressed and heat shocked NRK cells using isoelectric focusing and immunoblotting. Unstressed NRK cells contained two isoforms of Hsp25 (Fig 1B, lane 1) . Heat shock of NRK cells (Fig 1B, lane 2) was coincident with a reduced presence of the most basic isoform (a) and enrichment of more acidic isoforms (b,c), consistent with a reduction in nonphosphorylated protein and an increase in singly and doubly phosphorylated Hsp25.
Some nonphosphorylated Hsp25 remained in heat shocked NRK cells (Fig 1B, lane 2) as well as preparation of nuclear proteins in other studies [26] . To more specifically assess the role of phosphorylation in mediating entry of Hsp27 into the nucleus of NRK cells, distribution patterns of exogenously expressed wild-type and phosphoserine mutants of human Hsp27 were examined in cells under control conditions and after heat shock. These exogenously expressed proteins were specifically detected in NRK cells using antibodies recognizing only human Hsp27 (see Figure 4 and data not shown). Under control conditions, all of the exogenously expressed human Hsp27 protein variants were present primarily in the cytoplasm. A small proportion of transfected NRK cells also showed nuclear localization of expressed Hsp27 under control conditions (black bars, Fig 1C, -HS) . The proportion of cells showing nuclear localization of exogenous protein was independent of the type of mutation present in the expressed protein. Heat shock induced the further appearance of wild-type human Hsp27 (WT) and a mutant Hsp27 protein mimicking constitutive phosphorylation (3D) in the nucleus (black bars, Fig 1C, +HS) . In contrast, the non-phosphorylatable Hsp27 mutant protein (3A) showed little increase in its presence in nuclei after heat shock. Similar results were obtained in NIH3T3 fibroblasts (not shown). Therefore, in NRK cells, Hsp27 phosphorylation does not appear sufficient for efficient entry into the nucleus under control conditions, but is necessary for efficient translocation into the nucleus during heat shock.
Hsp27 is recruited to nuclear speckles in heat shocked cells
We conducted co-localization studies of endogenous rat Hsp25 and specific nuclear domains in heat stressed NRK cells using confocal fluorescence microscopy (Fig 2) . Because some antibodies may cross-react nonspecifically with nuclear antigens [33] , markers for nuclear structures were provided by transient transfection of plasmids coding for the expressing of fluorescent fusion protein of specific nuclear proteins. Endogenous rat Hsp25 was recruited to nuclear granules in heat shocked NRK cells that also contained EGFP-SF2, a marker for nuclear speckles/interchromatin granules. Possible association of Hsp25 with PML domains, Cajal bodies and sites of DNA replication was also examined in heat shocked NRK cells expressing GFP/YFP-tagged Sp100, coilin or PCNA, respectively. However, Hsp25 did not detectably co-localize with any of these later probes after heat shock (Fig 2) , although coilin containing Cajal bodies were often observed in a close proximity to the Hsp27 granules (Fig 2, inset) . Note that Hsp25 was variably present as diffuse staining and granular bodies in the cytoplasm of all heat shocked NRK cells (Fig 2, Hsp25 ), but no fluorescent signal from fluorescent fusion proteins was detected in the cytoplasm (Fig 2, GFP/YFP) . Therefore, the fluorescence signal from fluorescent fusion proteins could not have resulted from non-specific immunostaining or crossover of signal between fluorescent channels. Although co-localization studies were not conducted with probes specific for nucleoli, these largest of nuclear bodies are easily recognized by their exclusion of other probes in some images (see SF2 and PCNA images in Figure 2 ). It is evident that nucleoli did not recruit Hsp25 in these studies. Therefore, endogenous rat Hsp25 is recruited exclusively to nuclear speckles in heat shocked NRK cells and not to other structures examined in this study.
Phosphorylated Hsp27 is recruited to an RNAse soluble fraction of nuclear speckles
We next conducted studies to characterize the compartment recruiting endogenous Hsp25 in heat stressed NRK cells. Nuclear speckles were identified in these studies by counterstaining cells with antibodies against the splicing factor SC35. The top three panels in Figure 3 show the distribution of Hsp25, SC35 and DNA in intact cells after heat shock (Fig 3A, unlabeled) . Detergent lysis of cells alone did not release Hsp25 from nuclear speckles or lead to detectable reduction in diffuse nuclear staining (Fig 3A, Triton) . However, detergent lysis followed by treatment of cells with RNAse A (50 μg/ml, 30 minutes) abolished the presence of Hsp25 in nuclear speckles (Fig 3A, RNAse) . There was also some reduction in diffuse nuclear staining after RNAse treatment. In contrast, DNAse (Fig 3A, DNAse) did not remove Hsp25 from nuclear speckles or noticeably alter diffuse staining, but did abolish staining of cells with DNA specific probe. RNAse treatment in combination with an RNAse inhibitor (not shown) also failed to remove Hsp25 from nuclear speckles. We conclude that RNA but not DNA is an element of structures recruiting endogenous rat Hsp25 to nuclear speckles, as well as a portion of diffuse nuclear staining.
The phosphorylation state of extracted Hsp25 was also directly examined (Fig 3B) . Total Hsp25 in control cells was mostly non-phosphorylated (a, Fig 3B, lane 1) . In contrast, all preparations from heat-shocked cells contained primarily phosphorylated Hsp25 (b,c Fig 3B, lanes 2-4,6) . No fraction was enriched in non-phosphorylated Hsp25, even though a small but detectable amount of non-phosphorylated Hsp25 is clearly present in total cell lysates of heat shocked cells (Fig 3B, lane 2) . DNase treatment did not detectably remove Hsp25 from lysed cell ( Fig  3B, lane 5) , and incubation of cells with RNAse in combination with RNAse inhibitors greatly limited the amount of extracted Hsp25 (Fig 3B, lane 6) , consistent with results shown in Figure  3A . These results show that the RNAse soluble fraction of the nucleus does not preferentially recruit non-phosphorylated Hsp25, and may specifically recruit the phosphorylated form. Studies below directly test this hypothesis.
Mitotic interchromatin granules selectively recruit phosphorylated Hsp27 in the absence of stress
To establish the role of stress in recruiting Hsp27 to nuclear speckles, we first examined the distributions of endogenous Hsp25 and the nuclear speckle protein SC35 in mitotic NRK cells. During late stages of mitosis, nuclear speckles organize in the cytoplasm, forming structures called mitotic interchromatin granules (MIGs) [34] that are accessible to proteins not normally found within the interphase nucleus. Untreated telophase NRK cells had only diffusely distributed Hsp25 (Fig 4A, CNTR, Hsp25 ), but displayed prominent SC35 positive MIGs in the cytoplasm (Fig 4A, -CNTR, SC35 ). Brief exposure of cells to anisomycin, an activator of p38-MAPK dependent signaling pathways, results in enhanced phosphorylation of endogenous Hsp25 ( [35] and Fig 4B, lane 2) . Anisomycin treatment also induced colocalization of endogenous Hsp25 with SC35 positive MIGs (Fig 4A, +ANISO) . To test if Hsp25 was recruited to MIGs in telophase cells because of possible unrelated effects of anisomycin, we preincubated cells with the p38 MAPK inhibitor SB202190. SB202190 pre-treatment blocked anisomycin induced accumulation of Hsp25 in MIGs (Fig 4A +A+SB) as well as the phosphorylation of Hsp25 phosphorylation by anisomycin (Fig 4B, lane 3) .
We next expressed human Hsp27 mutants mimicking constitutive phosphorylation (3D) or abolishing phosphorylation (3A) in NRK cells and examined their distributions in telophase NRK cells without other manipulations (Fig 4) . Note that antibodies specific for human Hsp27 detect the exogenous human Hsp27 protein in transfected cells, but not neighboring untransfected cells (asterisks) in these images (Fig 4C, SC35) . Therefore, the antibodies used for these studies detect only human Hsp27 and do endogenous rat Hsp25. The human Hsp27 mutant lacking phosphorylatable serines (3A) did not associate with MIGs under control conditions (not shown) or in cells treated with anisomycin (Fig 4C, +ANISO, 3A) . In contrast, the Hsp27 mutant mimicking the phosphorylated state constitutively associated with MIGs in untreated cells (Fig 4C, CNTR, 3D) . Together, the results obtained from the analysis of both endogenous rat Hsp25 (Fig 4A,B) and human Hsp27 mutants (Fig 4C) demonstrate that SC35 positive granules in mitotic cells specifically recruit phosphorylated Hsp27 in the absence of heat shock.
Nuclear speckles selectively recruit phosphorylated Hsp27
Under control conditions, interphase NRK cells exclude both endogenous rat Hsp25 and human Hsp27 phosphorylation state mimicking mutants from the nucleus (Figs 1A, C) . To study association of Hsp27 with nuclear speckles in the intact interphase nucleus, we created expression vectors for novel NLS-tagged versions of wild-type and mutant human Hsp27 ( Fig  5A) and assessed distributions of expressed proteins in nuclei of unstressed NRK cells ( Fig  5B) . Most transfected cells displayed normal nuclear architecture, characterized by diffuse staining of DNA in interphase cells with DNA specific fluorescent dyes (Fig 5B, DNA) . A variable minority of cells displayed unusually condensed DNA. Quantitation of the proportion of such cells as a total of transfected cells revealed that the number of these unusual cells was invariant and not dependent on the phosphorylation state of expressed Hsp27 (not shown). In all other cells, Hsp27-WT-NLS and Hsp27-3A-NLS proteins were excluded from nucleoli but were otherwise homogeneously distributed within the nucleus of interphase cells (Fig 5B, WT- 
NLS, 3A-NLS).
In contrast, HSP27-3D-NLS protein show a granular pattern within interphase nuclei of unstressed NRK cells (Fig 5B, 3D-NLS ) that closely resembles that of endogenous rat Hsp25 in nuclei of NRK cells after heat shock (Fig 1A) .
Stress dramatically alters regulation of cellular proteins within the nucleus and other cell compartments. We therefore asked if the specific pattern of recruitment shown by endogenous Hsp25 in heat shocked NRK cells could be replicated in unstressed interphase cells by phosphorylation-state mimicking NLS-tagged Hsp27. Indeed, Hsp27-3D-NLS protein colocalized with SC35 positive nuclear speckles (yellow/orange, Fig 5C, Overlay) in the absence of heat shock but not with PML domains, Cajal bodies, or sites of DNA replication (Fig 5C) . We also assessed the solubility of NLS-tagged Hsp27-3D mutant proteins associated with nuclear speckles, using biochemical approaches. First, Hsp27-3D-NLS associated with SC35 positive nuclear speckles (Fig 6B, Triton) , like the endogenous, speckle associated Hsp25 found in heat shocked cells (Fig 3A) . Also like endogenous phosphorylated Hsp25, treatment of detergent lysed cells with RNAse removed Hsp27-3D-NLS protein from nuclear speckles (Fig 6B, RNAse −Va) , but an identical incubation in the presence of both RNAse and RNAse inhibitor (Fig 6B, RNAse +Va) did not. Diffuse nuclear staining for endogenous Hsp25 was retained in heat shocked cells under our experimental conditions (Figure 3 ) but diffuse staining for the Hsp27-3D-NLS was removed by detergent alone in control cells (Figure 6, TRITON) . Therefore there may be targets present in heat shocked cells that the Hsp27-3D-NLS mutant did not interact with under control conditions. However, our data do support the conclusion that Hsp27-3D-NLS is recruited to nuclear speckles in unstressed interphase NRK cells using a mechanism that in our studies is indistinguishable from that recruiting endogenous phosphorylated Hsp25 to nuclear speckles during heat shock.
We also quantified the extent of nuclear speckle localization for NLS-tagged Hsp27 protein expressed in NRK cells after heat shock. An NLS-tagged GFP-luciferase fusion proteins, shown previously to associate with nuclear speckles and nucleoli of heat shocked H9C2 myoblasts [9] was examined here as a non-specific control ( Figure 7A ). The average fluorescence intensity of NLS-Luc-GFP protein associated with nuclear speckles was about 15% as great as that measured for diffuse background nuclear fluorescence in the same cell. Hsp27-WT-NLS and Hsp27-3D-NLS fusion proteins both associated with nuclear speckles to a statistically greater extent, with the Hsp27-3D-NLS fusion protein showing the greatest tendency to associate with nuclear speckles. In contrast, nuclear speckles recruited the nonphosphorylatable Hsp27-3A-NLS mutant to a significantly lower extent than that of even the control NLS-Luc-GFP protein, with many cells showing no localization to nuclear speckles (not shown). Figure 7B shows the fluorescence staining pattern of cells having the median calculated ratio (+.02) of speckle-specific and diffuse fluorescence in each group. Notably, fluorescence from nuclear speckles in cells expressing Hsp27-WT-NLS and especially Hsp27-3D-NLS is much greater than that seen in cells expressing Hsp27-3A-NLS and NLSLuc-GFP proteins.
Nuclear tagged Hsp27 alters regulation of nuclear speckles, but not colony formation after heat shock
Studies above reveal that stress is not necessary for interaction of Hsp27 with nuclear structure and that a nuclear targeted Hsp27 mutant mimicking constitutive phosphorylation displays all tested features of endogenous Hsp27 within the nucleus of heat shocked cells. We therefore examined functional consequences of the expression of NLS-tagged Hsp27 proteins. To avoid potential complications of the expression of endogenous protein, these studies were conducted using murine NIH3T3 fibroblasts that do not detectably express endogenous Hsp25 under control conditions ( [36] and not shown). Immunolocalization studies confirmed that NLStagged proteins entered nuclei of NIH3T3 cells (not shown). As shown in Figure 8A , transfection of NIH3T3 fibroblasts with expression vectors coding for wild type Hsp27, but not Hsp27 WT-NLS or the unrelated EGFP, promoted colony formation by cells after severe heat shock in a dose-dependent manner. Figure 8B compares effects produced by transfection with 0.5μg of plasmid expression vector for different proteins. Expression of a wild-type Hsp27 protein containing a nonfunctional NLS tag (Hsp27-NLSmut) was, on average, almost as effective in promoting colony formation after heat shock as wild type Hsp27 (Fig 8B) . The difference in number of colonies formed by heat shocked cell cultures transfected with wildtype Hsp27 and Hsp27-NLSmut expression vectors were not statistically different (p>0.1). In contrast, cells expressing NLS tagged Hsp27 wild-type and phosphorylation mutants showed no greater colony forming abilities than cells transfected with an empty vector or an EGFP expression vector (Fig 8B) . Transfection with vectors for expression of NLS-tagged Hsp27 mutants also did not reduce the number of colonies formed by transfected cells, relative to cells transfected with empty vector or an unrelated EGFP expression vector (Fig 8B) .
The inhibition of mRNA synthesis using actinomycin D rapidly alters the number and size of nuclear speckles, revealing the dynamic nature of these structures [37] . Here, we examined the number and size of SC35 positive nuclear speckles in cells expressing either Hsp27-3A-NLS or Hsp27-3D-NLS alone and after varying times of treatment with actinomycin D. The presence of Hsp27 in nuclei was confirmed by counterstaining cells with antibodies recognizing human Hsp27 (not shown), and neighboring non-expressing cells were analyzed in each experiment to provide internal controls. Under control conditions, cells expressing Hsp27-3A-NLS did not appear different from nontransfected controls, but cells expressing Hsp27-3D-NLS appeared to have fewer and larger nuclear speckles (Fig 9A, 0′) . Quantitative analysis of the number of nuclear speckles in individual nuclei confirmed that these apparent differences were statistically significant (Fig 9B) . Actinomycin D treatment resulted in reorganization of nuclear speckles into larger and fewer granules in a time-dependent manner (Fig 9, unlabeled top  panels) . Cells expressing Hsp27-3D -NLS protein, but not cells expressing Hsp27-3A-NLS protein, displayed a persistent, statistically significant, reduction in the number of nuclear speckles compared to non-expressing internal controls (Fig 9A, B) . On average, cells expressing Hsp27-3A-NLS had about one third fewer granules than non-expressing cells in the same field (Fig 9B, Table 1 ), but greater differences were measured in some individual experiments (not shown). The size and fluorescence intensities of nuclear granules were also measured and compared in nontransfected cells and neighboring cells expressing Hsp27-3D-NLS protein after 120 minutes of actinomycin D treatment ( Table 1) . Results of this analysis confirms that although the number of nuclear speckles in Hsp27-3D-NLS expressing cells decreased, relative to nontransfected cells, the size and immunofluorescence intensities of nuclear speckles increased. Thus, it appears that the loss of nuclear speckle number in Hsp27-3D-NLS expressing cells, relative to control cells, is a consequence of the reorganization of nuclear speckles into larger structures.
DISCUSSION
Nuclear accumulation of Hsp27 is a common effect of cell stress and is seen in response to heat shock [9] , ischemia/re-oxygenation [20] , UV irradiation [27] , toxin exposure and other stresses [19] . The present study was designed to establish mechanisms regulating entry and distribution of Hsp27 within the nuclear compartment. Our results add to existing data illustrating cell-type specific entry of Hsp27 into the nuclear compartment of cells. For example, Geum et al reported constitutive entry of Hsp25 mutants mimicking phosphorylation into nuclei of unstressed hippocampal neuron progenitor cells [26] . Constitutive entry of Drosophila Hsp27 into nuclei of developing oocytes has also been reported [38] , and a related 26 kDa small heat shock protein expressed in Artemia also enters nuclei of cells in a developmentally regulated manner [39] . In contrast, Adhikari et al noted that both Hsp25 and related alpha-B crystallin were excluded from nuclei of mature myocytes, but not immature myoblasts, under all tested conditions, including heat shock [21] . Here, Hsp27 displayed an intermediate ability to enter nuclei of NRK renal epithelial cells; all tested proteins were excluded from the majority of unstressed cells, and the phosphorylation state of tested proteins had no effect on the small number of unstressed cells with nuclear Hsp27. These results suggest some aspect of transfection, likely transient high-level expression of exogenous proteins or the reagents used for transfection in the present study, can non-specifically promote entry or retention of Hsp27 in nuclei of some NRK cells. Alternatively, dividing unstressed NRK cells may contain Hsp27 in nuclei at some, but not all stages of the cell cycle. Consistent with previous studies, heat stress greatly increases the number of NRK cells showing nuclear localization of the phosphorylation-competent Hsp25, as well as the phosphorylation state mimicking human Hsp27-3D mutant, while the Hsp27-3A mutant protein lacking serines at positions 15, 78 and 82, was largely excluded from the nucleus, even in heat shocked cells. Our studies do not address the issue of whether phosphorylation at all of these sites is required. However, the previous and current data are sufficient to demonstrate that entry of human Hsp27 into the nucleus requires phosphorylation at serines 15, 78 and 82 or some combination of these sites. Because the pseudophosphorylated Hsp27-3D mutant was largely excluded from nuclei of cells under control conditions, other factors may also play a determining role in this process. Such factors could include further modifications of Hsp27, such as phosphorylation at threonine 143 [40] and S-thiolation of cysteine 137 [41] , as well as the functional size of nuclear pores, shown previously to be both variable and cell-type specific [42] .
A cell-type specific presence of Hsp27 in the nucleus is suggestive of a regulatory role for Hsp27 in the nuclear compartment, in addition to more universal protective roles occurring in the cell cytoplasm. This view of Hsp27 function is indirectly supported by a disconnection between the abilities of Hsp27 and related small heat shock proteins to promote cell survival during injury and their presence in the cell nuclei. For example, in the present study, forced insertion of Hsp27 into the nucleus of NIH3T3 cells by addition of NLS tags did not promote colony formation of cells subjected to a severe heat shock. It remain possible that NLS tags could have interfered with some aspects of Hsp27 function in the nucleus. However, it is notable that NLS tagged proteins display distributions within the nucleus consistent with that expected from study of endogenous proteins, and the addition of a non-functional NLS to Hsp27 did not significantly reduce the ability of tagged Hsp27 to promote colony formation by cells after heat shock, relative to an untagged positive control. Similarly, studies by Borrelli and co-workers showed that an EGFP-Hsp27 fusion protein too large to detectably enter the nucleus of cells promoted survival of heat shocked cells to the same degree as wild-type Hsp27 [43] . Further support for a role of nuclear Hsp27 independent of the promotion of cell survival has come from comparative studies examining RNA processing in cells transfected with expression vectors for either Hsp27 or the related alpha-B crystallin [17] . Both of these small heat shock proteins display chaperone ability in vitro [1] and promote thermotolerance of heat-shocked cells [7, 44] . However, in recent studies, Hsp27 enhanced the restoration of mRNA splicing activity in cells during the recovery from heat shock, while alpha-B crystallin had no effect in this assay system [17] . Thus, while the role of Hsp27 in the nucleus of stressed cells must be relevant to some aspect of the cellular stress response, the relationship between nuclear Hsp27 and the ability to withstand greater than normal levels of stress before cell death occurs appears to be increasingly distant. The ability of an individual cell to survive during a given stress event may therefore involve mechanisms related but distinct from those involved in restoring normal functionality once the stress event has passed, although both processes are clearly of importance to an intact tissue or organism. Data obtained in the present and previous studies suggest that cytosolic Hsp27 plays a role in the former process while a role for nuclear Hsp27 in the latter process is supported.
What is the function of Hsp27 in nuclear speckles? Hsp27 promotes refolding of denatured proteins in vitro [1] and has been associated with concentrations of unfolded nuclear reporter proteins in vivo in heat shocked cells [9] . Overexpression of Hsp27 enhances resolubilization of heat-denatured nuclear proteins in cells [15] . Although early studies indicated that nonphosphorylated Hsp27 was primarily effective in generating thermotolerance and chaperone activities [45, 46] , in some studies Hsp27 mutants mimicking the phosphorylated state show effective chaperone activity for specific substrates such as actin [47] . Unpublished data also indicate that the Hsp27-3D mutant but not the Hsp27-3A mutant provides the best refolding rates for a heat inactivated firefly luciferase in vivo (Bryantsev et al, in press ). These and other observations demonstrate that Hsp27, even in its phosphorylated state, may act as a molecular chaperone within the cell nucleus. However, whether it does so at particular sites within the nucleus remains unclear. For example, a chaperone model of Hsp27 function is difficult to reconcile with data obtained in the present study showing phosphorylation-dependent interaction of both endogenous Hsp25 and exogenous human Hsp27 with nuclear speckles without stress. Instead, our data suggest that Hsp27 associated with nuclear speckles could support specific activities of nuclear speckles during stress or recovery from stress.
The inhibition of gene expression and mRNA processing, and restoration of these activities during recovery, are essential and conserved cell responses to sublethal injury [48] . Functional changes to proteins found in nuclear speckles are responsible for these events and could be targets for Hsp27 within nuclear speckles. In support of this view, overexpression of Hsp27, but not alpha-B crystallin, was recently shown to promote restoration of normal mRNA splicing activity as well as the inactivation by phosphorylation of SRp38, a negative regulator of splicing activity [17] . However, it is still unclear whether Hsp27 present in nuclear speckles is directly involved in this regulation. Nuclear speckles are not generally considered to be directly involved in splicing activity, but may serve as splicing factor reservoirs or processing sites [37] . Additionally, SRp38 did not associate with SC35 positive nuclear speckles in cells under control conditions or after heat shock [49] yet Hsp27 clearly does. We note that diffuse, detergent soluble Hsp27 was detected in our studies, and could be involved in directly regulating SRp38. In addition, Hsp27 associated with nuclear speckles could play an indirect role in regulating mRNA processing by accelerating the release of splicing factors or other regulatory elements from nuclear speckles during the recovery from stress. However, these potential functions are not strongly supported by current data. An alternative possibility is that Hsp27 plays a direct role in regulating the function of nuclear speckles during the cellular response to injury. Recent work by Spector and colleagues has demonstrated that nuclear speckles are storage sites for mRNAs coding for proteins required for efficient cell recovery after stress [50] . The mechanism(s) regulating the storage and release of these unique mRNA molecules is presently unknown. The presence of Hsp27 within nuclear speckles may participate in the activation of this response. Ultimately, identification of the targets for Hsp27 in unstressed cells will be necessary to resolve these issues.
Finally, our studies provide some new insight into the unique functions of Hsp27 and alpha-B crystallin. These two proteins share extensive sequence homology and are often expressed in a single cell type. As noted above, both proteins display chaperone activity in vitro, can be phosphorylated at multiple serines, and provide protection against thermal injury when overexpressed in cultured cells. In addition, both proteins enter nuclei of some cell types during injury and interact with nuclear speckles. Despite their similarities, these proteins display subtly distinct roles and patterns of regulation in comparative in vivo studies. For example, in the cytoplasm of striated muscle cells, both Hsp27 and alpha-B crystallin can associate with myofibrils during injury, but the extent and dynamics of this interaction differ [33] . Cytoplasmic Hsp27 is also thought to interact primarily with actin microfilaments [51] , while cytoplasmic alpha-B crystallin appears most frequently to interact with intermediate filament proteins (see [52] for review). A similar distinction appears in the nuclear function of these proteins. Both Hsp27 and alpha-B crystallin have been shown to interact with nuclear granules in nuclei of injured cells. Additionally, alpha-B crystallin interacts with nuclear speckles in the absence of stress, and in a phosphorylation dependent manner [21, 25, 53] . Here, we have shown a highly similar pattern of interactions for Hsp27. However, alpha-B crystallin associates with numerous mRNA processing structures in cell nuclei, including nuclear speckles, gems, and Cajal bodies [25] . In contrast, Hsp27 was seen in the present study to associate exclusively with nuclear speckles. Additionally, nuclear speckle-associated alpha-B crystallin was resistant to extraction by both DNAse and RNAse in previous studies [25] , while in contrast Hsp27 in the present study was readily extracted from nuclear speckles by RNAse yet was unaffected by DNAse treatment. Results of the present study suggest that Hsp27 and alpha-B crystallin perform distinct function in the nucleus in part through their recruitment to unique targets that can be distinguished based on morphological and biochemical criteria. NRK cells transfected with plasmids coding for SF2-EGFP, Sp100-YFP, coilin-EGFP, or PCNA-EGFP, were heat shocked at 43°C for 60 minutes and processed to detect fusion proteins (green), Hsp25 (red) and DNA (blue) by confocal microscopy. Color overlay images show that Hsp25 co-localizes with a marker for nuclear speckles (SF2), but not with markers for PML bodies (Sp100), active replication sites (PCNA) or Cajal bodies (coilin). Coilin containing Cajal bodies were sometimes found in close proximity to Hsp25 positive nuclear speckles (inset, merged image and selected region in Hsp25 and coilin-EGFP images). Bars, 5 μm. A. Late anaphase and telophase NRK cells processed for detection of endogenous Hsp27 and SC35 are shown under control conditions (CNTR), after treatment with anisomycin, a p38 MAPK activator (+ANISO), and after combined treatment with anisomycin and SB202190, a specific p38 MAPK inhibitor (+ANISO+SB). Co-localization of endogenous Hsp27 and SC35 positive nuclear speckles is detected in cells treated with anisomycin alone (+ANISO), but not other conditions. B. Anisomycin treatment results in an enhanced phosphorylation (b, c) of Hsp27 (+ANISO), which is inhibited by co-treatment with SB202190 (+A+SB). C. Transiently expressed human mutant Hsp27 lacking phosphorylatable serines (3A) fails to associate with SC35 positive speckles in telophase cells even after anisomycin treatment (+ANISO), while the phosphorylation-state mimicking Hsp27 mutant (3D) associates with these nuclear Distribution of Hsp27-3D-NLS under control conditions and after extractions. Nuclear speckle-associated Hsp27-3D-NLS (CNTR) is insoluble after detergent lysis (Triton), but is extracted from lysed cells using RNAse (−Va). RNAse inhibitor prevents the extraction of Hsp27 (+Va). Bar, 10 μm. A. NRK cells expressing the indicated proteins (3D-NLS, 3A-NLS) and nontransfected cells (unlabeled top panels) were treated with 2 μg/ml actinomycin D for 0′, 60′, and 120′, then fixed and immunostained to detect human Hsp27 (not shown) and SC35 positive nuclear speckles. Representative staining for SC35 is shown. B. Quantitative analysis of the number of nuclear speckles in cells expressing the indicated NLS tagged Hsp27 mutant (positive, black bars) and non-expressing neighbors (negative, grey bars). Expression of Hsp27-3D-NLS, but not Hsp27-3A-NLS alters the number of nuclear speckles in all groups, relative to non-expressing controls. Asterisks indicate those average values significantly different from that of internal negative controls (p ≤.05).
